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Abstract 

The  following  is  a  final  report  on  our  work  in  the  field  of  Scanning  Probe 
Microscopy  (SPM),  which  has  been  funded  by  the  AFOSR  under  Contract 
#F49620-92-J-0164.  The  AFOSR  funding  was  instrumental  in  the  establish¬ 
ment  of  a  multi-lab  facility  at  the  Optical  Sciences  Center,  which  performs  re¬ 
search  in  SPM  using  two  ultrahigh  vacuum  (UHV)  STM  facilities,  and  several 
Atomic  Force  Microscopy  (AFM)  facilities.  The  fabrication  and  characteriza¬ 
tion  work  performed  in  the  SPM  Laboratory  is  supplemented  by  infrared  (IR) 
spectroscopy,  high  resolution  transmission  electron  microscpy  (HRTEM),  and 
sceinning  electron  microscopy  (SEM),  available  in  other  departments  on  cam¬ 
pus.  The  report  covers  the  following  eireas:  (1)  GaAs  and  CdSe  Structures, 
(2)  Optical  Interactions  on  a  nm  and  nsec  Scales,  (3)  Fullerenes  on  Gold,  (4) 
Fullerenes  on  M0S21  (5)  Fullerenes  on  Si,  (6)  SiC,  (7)  Nanotubes,  (8)  Scan¬ 
ning  Force  Microscopy,  and  (9)  Biology.  The  results  of  the  three-year  research 
appeared  in  30  papers  and  a  book  titled  Scanning  Force  Microscopy,  With  Ap¬ 
plications  to  Electric,  Magnetic,  and  Atomic  Forces  (Oxford  University  Press, 
Revised  Edition,  1994). 
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1  -Research  highlights 

1.1  GaAs  and  CdSe  Structures 

STM  and  AFM  were  used  to  characterize  oxidation  effects  on  cleaved  multiple  quan¬ 
tum  well  surfaces  in  air,  and  growth  of  Wurtzite  CdSe  thin  films  with  extremely 
narrow  excitonic  luminescence  [1,  2] 

1.2  Optical  Interactions  on  a  nm  and  nsec  Scales 

The  STM  was  used  to  fabricate  gold  nanostructures,  and  map  the  photon  emitted 
from  these  structures.  It  was  demonstrated  that  the  STM  can  be  operated  on  a  nsec 
time  scale  using,  for  example,  the  beat  of  the  longitudinal  modes  of  a  HeNe  laser  at 
the  tip-semiconductor  junction.  We  are  currently  developing  a  similar  method  that 
employs  fast  laser  diodes,  and  plan  on  characterizing  the  lifetime  of  charge  carriers, 
on  and  around  nanostructures,  with  nm  and  nsec  resolutions.  [3,  4,  5,  6] 

1.3  Fullerenes  on  Gold 

Fullerene  molecules,  deposited  on  gold  substrates  were  characterized  by  STM  and 
AFM.  In  particular,  the  origins  of  intermolecular  contrast  have  been  explored  and 
explained.  A  review  of  the  field  discusses  the  various  issues  associated  with  the 
adsorption  of  the  fullerenes  on  metal  surfaces  [7,  8,  9,  10,  11,  12]. 

1.4  Fullerenes  on  MoSo 

The  adsorption  of  fullerenes  on  the  layered-structure  semiconductor  MoS^  is  of  in¬ 
terest  because  of  the  van  der  Waals  type  interactions  at  its  cleaved  surface.  The 
interactions  of  fullerenes  with  the  surface  have  been  characterized  under  UHV  condi¬ 
tions.  [13] 

1.5  Fullerenes  on  Si 

The  first  system  investigated  consisted  of  fullerenes  adsorbed  under  UHV  conditions 
on  clean  Si(lll)  and  Si(lOO)  reconstructed  surfaces,  as  a  function  of  fullerene  layer 
thickness,  temperature  of  deposition  and  annealing,  and  a  combination  of  deposition 
of  fullerenes  and  additional  Si  atoms  [14,  15,  16,  I/’,  18,  19]. 
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1.6  -  SiC 

It  was  found  that  by  holding  a  Si  substrate  at  an  elevated  temperature  while  bom¬ 
barding  it  with  fullerenes,  one  can  grow  SiC  films.  IR  and  HRTEM  were  used  to 
verify  that  the  films  indeed  consisted  of  SiC.  We  are  currently  looking  for  methods 
to  optimize  this  novel  method  that  utilizes  fullerenes  as  the  carbon  source.  We  ex¬ 
ploited  the  fact  that  fullerenes  do  not  adsorb  on  SiO  ?,  even  at  elevated  temperatures, 
while  they  decompose  and  form  SiC  when  incident  on  a  bare  Si  surface.  We  ob¬ 
tained  Si02  patterned  Si  wafers,  heated  them  to  around  800°C,  and  bombarded  them 
with  fullerenes.  The  samples  were  removed  from  the  UHV  chamber,  chaiacterized, 
rinsed  in  HF  and  characterized  again.  The  results  demonstrated  that  one  can  use 
this  method  to  obtain  patterned  SiC  films  [20,  21]. 

1.7  Nanotubes 

We  have  published  the  first  paper  on  STM  and  AFM  of  large  diameter  nanotubes, 
and  the  first  paper  on  AFM  of  a  single-shell  nanotube  [22,  23]. 

1.8  Scanning  Force  Microscopy 

Theoretical  work  on  the  performance  of  an  AFM  using  a  laser  diode  interferometer 
(invented  in  our  lab),  and  on  the  tapping  mode  of  operation  of  an  AFM  have  been 
performed  in  our  labs  [24,  25,  26,  27.  28,  29,  30]. 

1.9  Biology 

STM  images  of  cytokeratin  and  binding  IgG  antibody  have  been  obtained  in  collab¬ 
oration  with  several  departments  at  the  Health  Sciences  Center  [31]. 


References 

[1]  S.  Howells,  M.  Gallagher,  T.  Chen,  and  D.  Sarid,  “Oxidation  effects  on  cleaved 
multiple  quantum  well  surfaces  in  air  observed  by  scanning  probe  microscopy,” 
Appl.  Phys.  Lett.  61,  801  (1992). 

[2]  H.  Giefien,  B.  P.  Jacobsen,  D.  Sarid,  M.  Grin,  U.  Becker,  and  C.  Klingshirn, 
“Growth  of  Wurtzite  CdSe  thin  films  with  extremely  narrow  excitonic  lumines¬ 
cence  by  hot  wall  epitaxy  and  their  characterization,”  Proc.  of  the  CLEO  ’93 
Conference,  Baltimore,  MD,  (May  2-7,  1993). 


2 


r 


V  ♦ 

[3] -M.  J.  Gallagher,  S.  Howells,  L.  Yi,  T.  Chen,  and  D.  Sarid,  “Photon  emission 

from  gold  surfaces  in  air  using  scanning  tunneling  microscopy,”  Surf.  Sci.  278, 
270  (1992). 

[4]  M.  J.  Gallagher,  T.  G.  Ruskell,  D.  Chen,  D.  Sarid,  and  H.  Jenkinson,  “Nanosec¬ 
ond  time-scale  semiconductor  photoexcitations  probed  by  a  scanning  tunneling 
microscope,”  Appl.  Phys.  Lett.  64,  256  (1994). 

[5]  Dror  Sarid,  “High-speed  scanning  tunneling  microscopy,”  McGraw-Htll  Year¬ 
book  of  Science  and  Technology,  McGraw-Hill  (in  print,  1996). 

[6]  T.  G.  Ruskell,  M.  J.  Gallagher,  D.  Chen,  and  D.  Sarid,  “Nanosecond  time-scale 
semiconductor  photoexcitations  probed  by  a  scanning  tunneling  microscopy. 
Optics  and  Photonics  News,  December  (1994). 

[7]  T.  Chen,  S.  Howells,  M.  Gallagher,  L.  Yi,  D.  Sarid,  D.  Lichtenberger,  and  C. 
Ray,  “Internal  structure  and  two-dimensional  order  of  monolayer  Ceo  molecules 
obsCTved  with  STM,”  J.  Vac.  Sci.  Technol.  B  9,  2461  (1991).  Also  reprinted  J. 
Vac.  Sci.  Technol.  B  10,  170  (1992). 

[8]  D.  Sarid,  T.  Chen,  S.  Howells,  M.  Gallagher,  L.  Yi,  D.  Lichtenberger,  and 
D.  Huffman,  “Atomic  force  microscopy  and  scanning  tunneling  microscopy  of 
monolayer  Ceo  molecules  on  a  gold  substrate,”  Ultramicroscopy  42-44,  610, 
(1992).  (See  also  journal  covers.) 

[9]  S.  Howells,  T.  Chen,  M.  Gallagher,  D.  Sarid,  D.  L.  Lichtenberger,  L.  L.  Wright, 
C.  D.  Ray,  D.R.  Huffman,  and  L.  D.  Lamb,  “High  resolution  images  of  single 
Czo  molecules  on  gold  (111)  using  scanning  tunneling  microscopy,”  Surf.  Sci. 
274,  141  (1992). 

[10]  L.  D.  Lamb,  D.  R.  Huffman,  R.  K.  Workman,  S.  Howells,  T.  Chen,  D.  Sarid, 
and  R.  F.  Ziolo,  “Extraction  and  STM  imaging  of  spherical  giant  fullerenes. 
Science  255,  1413  (1992). 

[11]  T.  Chen,  S.  Howells,  M.  Gallagher,  D.  Sarid,  L.  D.  Lamb,  D.  R.  Huffman,  and 
R.  K.  Workman,  “Scanning  tunneling  microscopy  and  spectroscopy  studies  of 
Ceo  thin  films  on  gold  substrate,”  Phys.  Rev.  B  Rapid  Commun.  45,  14411 
(1992). 

[12]  T.  Chen  and  D.  Sarid,  “From  bucky-balls  and  rugby-balls  to  giant  fullerene 
molecules:  A  scanning  tunneling  microscopy  and  spectroscopy  study,”  Mod. 
Phys.  Lett.  B  6,  967  (invited  review  1992). 


3 


[13] -T.  Chen  and  D.  Sarid,  “Ceo  adsorption  on  the  layered  compound  semiconductor 

M0S2  studied  by  scanning  tunneling  microscopy,”  Proc.  of  the  1993  Interna¬ 
tional  Conf.  on  STM,  Beijing,  China,  Aug.  9-13,  1993.  J.  Vac.  Sci.  Technol.  B 
12,  1947  (1994). 

[14]  D.  Chen  and  D.  Sarid,  “Temperature  effects  of  adsorption  of  Cqq  molecules  on 
Si(lll)-7x7  surfaces,”  Phys.  Rev.  B  49,  7612  (1994). 

[15]  D.  Chen,  M.  J.  Gallagher,  and  D.  Sarid,  “Scanning  tunneling  microscopy  study 
of  the  adsorption  of  Ceo  moleculeson  Si(100)-2xl  surfaces,”  J.  Vac.  Sci.  Technol. 
B  12,  1947  (1994). 

[16]  D.  Chen,  J.  Chen,  and  D.  Sarid,  “Single  monolayer  ordered  phases  of  Ceo 
molecules  on  Si(lll)-(7  x  7)  surfaces,”  Phys.  Rev.  B  50,  10905  (1994). 

[17]  D.  Chen  and  D.  Sarid,  “An  STM  study  of  Ceo  adsorption  on  Si(100)-(2xl) 
surfaces:  from  physisorption  to  chemisorption,”  Surf.  Sci.  (in  print  1995). 

[18]  Dong  Chen,  Jian  Chen,  and  Dror  Sarid,  “Si-Cco-Si(lll)-(7x7)  interactions 
probed  by  scanning  tunneling  microscopy,”  Surf.  Sci.  (in  print  1994). 

[19]  D.  Chen  and  D.  Sarid,  “Growth  of  Ceo  hhus  on  silicon  surfaces,”  Surf.  Sci.  318, 
74  (1994). 

[20]  D.  Chen,  R.  K.  Workman,  and  D.  Sarid,  “Fabrication  of  SiC  films  on  Si(lOO) 
using  a  Ceo  molecular  source,”  Electr.  Lett.  30,  1007  (1994). 

[21]  D.  Sarid  and  D.  Chen,  “Interaction  of  Ceo  molecules  with  silicon  surfaces  and 
the  formation  of  SiC  films,”  Nanotechnology  (in  print  1995). 

[22]  M.  Gallagher,  D.  Chen,  B.  P.  Jacobsen,  D.  Sarid,  L.  D.  Lamb,  F.  Tinker,  J. 
Jiao,  R.  Huffman,  S.  Seraphin,  and  D.  Zhou,  “Study  of  carbon  nanotubes  by 
scanning  tunneling  microscopy,  atomic  force  microscopy  and  high  resolution 
transmission  electron  microscopy,”  Surf.  Sci.  Lett.  281,  L336  (1993). 

[23]  R.  Hoper,  R.  K.  Workman,  D.  Chen,  D.  Sarid,  T.  Yadav,  J.  C.  Withers,  and  R. 
0.  Loutfy,  “Single-shell  carbon  nanotubes  imaged  by  atomic  force  microscopy,” 
Surf.  Sci.  Lett.  311,  L731  (1994). 

[24]  D.  Sarid,  P.  Pax,  D.  Bocek,  and  V.  Elings,  “Laser  diode  delivers  atomically- 
resolved  images,”  Optics  and  Photonics  News  3,  35  (1992). 


4 


\  4 

[25]  JD.  Sarid,  P.  Pax,  L.  Yi,  S.  Howells,  M.  Gallagher,  T.  Chen,  V.  Elings,  and  D. 

Bocek,  “Improved  atomic  force  microscope  using  a  laser  diode  interferometer. 
Rev.  Sci.  Instrum.  63,  3905  (1992). 

[26]  L.  Yi,  D.  Sarid,  S.  Howells,  M.  Gallagher,  and  T.  Chen,  “Combined  STM-AFM 
for  magnetic  applications,”  AIP  Conf.  Proc.,  Scanned  Probe  Microscopies  241, 
537  (1992). 

[27]  Dror  Sarid,  Scanning  Force  Microscopy,  With  Applications  to  Electric,  Mag¬ 
netic,  and  Atomic  Forces  (Oxford  University  Press,  Revised  Edition,  1994). 

[28]  D.  Sarid,  J.  Chen,  and  R.  K.  Workman,  “Numerical  simulations  of  a  tapping 
mode  scanning  force  microscope  operating  in  a  liquid”.  Comp.  Mat.  Sci.  (in 
print  1995). 

[29]  J.  Chen,  R.  K.  Workman,  D.  Sarid,  and  Ralf  Hoper,  “Numerical  simulations 
of  a  scanning  force  microscope  with  a  large-amplitude  vibrating  cantilever  , 
Nanotechnology  (in  print  1995) . 

[30]  Dror  Sarid,  “Laser  diode  detection” ,  section  in  Procedures  in  Scanning  Probe 
Microscopies,  John  Wiley  and  Sons  (in  print  1995). 

[31]  L.  A.  Vernetti,  D.  Sarid,  A.  J.  Gandolfi,  A.  E.  Cress,  R.  B.  Nagle,  R.  McCuskey, 
and  S.  R.  Hameroff,  “STM  images  of  cytokeratin  and  binding  IgG  antibody,” 
AIP  Proc.  Conf.  on  Scanned  Probe  Microscopies  241,  232  (1992). 


5 


